The striking differences in lifespan observed among some social insect castes 7 offer unique opportunities to study ageing and have therefore attracted increas-8 ing attention. While evolutionary theories of ageing can explain the long lifes-9 pan of social insect queens, experimental evidence to support them is lacking 10 or contradictory. Furthermore, how social insects age is still poorly understood.
1 Introduction: What is so particular about social in- Investigating how they achieve this remarkable longevity may elucidate processes 32 involved in extremely long life which cannot be detected in organisms that live a 33 few weeks at most (Jemielity et al., 2005) .
34
The second interesting characteristic is the huge variation in lifespan which 35 exists in some species between individuals bearing the same genome but different 36 phenotypes. So-called "eusocial" insect societies are defined by their reproductive 37 division of labour between behavioural castes (Wilson, 1971) . A colony of eusocial 38 insects will typically be composed of one or several reproductive queens who 39 dominate reproduction, and a group of workers who conduct non-reproductive 40 tasks such as caring for the brood and queens, building and maintaining the 41 colony, and foraging (Wilson, 1971 ). In the most advanced eusocial insects, such 42 as honeybees and most species of ants, queens and workers are morphologically 43 and irreversibly differentiated. In these species, queens have highly developed 44 ovaries, allowing them to lay eggs at high rates (well over 1000 eggs per day in 45 honeybee queens (Wilson, 1971; Tanaka & Hartfelder, 2004) 
Extraordinary lifespans

89
The heterogeneity and extremes in lifespan found in social insects appear to be 90 directly linked to a social mode of life with caste differentiation (Keller & Genoud, 91 1997; Kramer & Schaible, 2013) . The challenge is to understand the basis of this 92 longevity, both from an evolutionary point of view and a physiological one. 
Selective pressure affecting senescence
94
Tightly linked to lifespan is the process of senescence, that is the increasing frailty 95 and degeneration that typically accompanies ageing. To the extent that senes-96 cence leads to increased mortality, extraordinary lifespans must be accompanied 97 by extraordinarily slow senescence, without which mortality will eventually reach 98 high levels and become a limiting factor to longevity. Why we grow weaker as we 99 reach old age is a question that has been the focus of much theoretical attention.
100
Evolutionary explanations of senescence are typically inspired by three fun-101 damental theories: mutation accumulation, antagonistic pleiotropy and somatic 102 maintenance. These all rely on the same underlying fact that the strength of 103 selection on a trait decreases with the age at which it applies, mainly because 104 the survival curve of a given organism is always decreasing: the probability of 105 3 an individual surviving to a given age t 1 will always be smaller than the prob-106 ability of it surviving to some later age t 2 because of mortality due to external 107 factors such as predation or disease. While this underlying basis is the same, the 108 theories nevertheless are different in that mutation accumulation is essentially an 109 argument about genetic drift, while the other two provide adaptive explanations 110 (Partridge & Barton, 1993) .
111
The theory of mutation accumulation posits that deleterious mutations ex-112 pressed at older ages will accumulate more rapidly than those that affect younger 113 ages (Medawar, 1952) . Deleterious mutations that appear in the genome can 114 be removed by natural selection but these random mutations are continuously 115 appearing and, by chance, occasionally spread to fixation. The accumulation of 116 these mutations is directly linked to the power of natural selection to remove them.
117
Because selection is weaker at older ages, a greater load of deleterious mutations 118 will be found in genes that are relevant at age t 2 than in those relevant at age t 1 .
119
Antagonistic pleiotropy (Williams, 1957) that it is impossible to achieve the benefit at age t 1 without incurring the cost 127 at age t 2 ) then this cost at older ages will become fixed in the population and 128 lead to senescence. In this case, in contrast to mutation accumulation, selection 129 is driving the evolution of senescence rather than being unable to prevent it.
130
The disposable soma theory (Kirkwood, 1977) that it is usually not optimal to invest sufficiently into the maintenance process 136 to completely avoid senescence (Kirkwood & Holliday, 1979) . This is because the 137 benefit of investing into reproduction will be obtained in the present, whereas the 138 cost of failing to invest in maintenance will be borne in the future in the form 139 of deteriorating condition. In effect, a mutation which changes the level of so-140 matic maintenance is antagonistically pleiotropic because decreasing investment 141 into maintenance gives an immediate increase in fecundity and a delayed increase 142 in mortality. In certain cases, such as when extrinsic mortality is very low, the 143 delayed cost may nevertheless be greater than the immediate benefit. In these 144 cases, organisms should invest sufficiently into maintenance to experience negligi-145 ble senescence (Baudisch & Vaupel, 2010) . The scarcity of known organisms that 146 do not senesce, however, implies that such cases are rare.
147
In summary, mutation accumulation suggests that senescence is due to age-148 specific deleterious mutations spreading by drift, while antagonistic pleiotropy and 149 disposable soma propose that selection drives the evolution of optimal strategies 150 at young ages despite future negative repercussions. All of these theories rely 151 4 on the premise that the strength of selection declines with age. This decline 152 is itself directly affected by the rate of extrinsic mortality (that is, mortality 153 due to extrinsic factors such as predation or disease): the stronger the rate of 154 extrinsic mortality, the fewer individuals will survive to older ages, the weaker 155 selection will be at those ages, the faster the organism will senesce due to mutation 156 accumulation, antagonistic pleiotropy and lack of somatic maintenance. These by their worker force (Wilson, 1971 where extrinsic mortality is removed (Chapuisat & Keller, 2002) . This again 169 follows the predictions of evolutionary theories of ageing.
170
In the light of these theories, it is interesting to consider the fate of a muta- 2013). A mutation might therefore be caste-specific by affecting a gene that is 178 tightly linked to one caste and not the other. In the case of mutation accumula-179 tion, the fate of a mutation that is both age and caste-specific will differ depending 180 on whether it is specific to queens or workers. In the case of somatic maintenance, 181 a mutation might affect, for example, the extent of DNA repair in queens but not 182 workers. For such caste-specific genes, all of the same arguments as presented 183 above apply. The fate of a mutation that does affect lifespan similarly across 184 castes is also of interest. Such a mutation may spread if it is beneficial in one 185 caste, even if it is deleterious in another, leading to a sub-optimal life-history.
186
Alternatively, a stable polymorphism may be reached (Hall et al., 2013 ) and will 187 remain until a mutation appears that can caste-specifically reverse this change.
188
Mutations with caste-specific effects therefore make existing theories of age-189 ing applicable to the differences in lifespan found within social insect species. vant to senescence between castes should only be found between old individuals of 210 each caste, because at younger ages selection will be strong in all castes (while in 211 some species selection may be weaker on workers than queens at all ages (Hall & 212 Goodisman, 2012), the difference will still be smaller at younger ages). We might to ageing, early in the lives of queens and workers. This is because, for antagonis-218 tically pleiotropic traits, different life-history strategies will be optimal for each 219 of the castes: a given phenotype that incurs an immediate cost at young ages in 220 exchange for future rewards might be optimal for queens, but not for workers.
221
The theory of disposable soma, in particular, makes the broad physiological pre-222 diction that long-lived phenotypes should be the ones that invest most in systems 223 that help prevent or repair accumulating damage to the organism. However, it 224 is not clear a priori which such systems will be most relevant to senescence and 225 therefore which ones will be upregulated in queens. Study of the physiology of 226 social insects is in a position to reveal whether a difference in somatic mainte-227 nance underlies differences in lifespan between castes and, if so, which systems in 228 particular are involved. While the available data is therefore limited, it does not appear that the ex-259 pression of genes that serve to reduce levels of ROS is higher in queens than niques, however, is that only a subset of individuals will change caste, and the 356 experimenter cannot control which individuals these will be. This means that a 357 confounding factor to the conclusions will be the potential bias in the individuals 358 that choose to revert to nurses (i.e. it is possible that those foragers that are most 359 nurse like will be the ones to revert and will therefore be over-represented in the 360 pool of reverted foragers). 
Senescence in workers 373
One of the typical signs of senescence in organisms is an age-specific increase in 
464
The above results on learning refer to the trait of acquisition, that is the speed 465 at which an association can be learned. It should be pointed out that studies on 466 the ability to remember an association some time after the learning experience, 467 or on the ability to discriminate between a learned stimulus and a related one,
468
found little or no effect of age ( 
563
The first is directly linked to the long life of the queens. While this extended 564 longevity creates a fascinating system of study, it invariably means that obtaining 565 old queens in laboratory conditions, or determining queen lifespan, is difficult.
566
To some extent, this problem is mitigated because to understand the difference 567 in longevity between queens and workers, one does not need to look any further 568 than the workers' maximum lifespan. This is because after this age, there is no 569 longer anything that the queen does "differently" to workers. Nevertheless, in 570 species such as L. niger, which has been a focus of ageing research due to the 
573
In honeybees, this problem is less severe, as queens rarely live for more than a 574 few years and workers typically die after a few weeks (Page & Peng, 2001 ).
575
A second challenge is that queens and workers are very different and therefore 576 differ in many ways that are not necessarily linked to ageing. When comparing 577 the two castes, therefore, one will inevitably find differences and it is not trivial The morphological difference between queens and workers also underlies a 589 third difficulty, as it makes comparisons of features like gene expression very tricky. 
599
The problem of morphological differences can also to a large extent be avoided 600 by studying species in which workers and queens are morphologically identical.
601
This is the case of many species in which workers are able to become queens 602 (Wilson, 1971 ). These species have received too little attention in the field of 603 ageing. In the case of many such bees and wasps, laboratory colonies are difficult 604 to maintain and it is therefore difficult to show that the intrinsic mortality (that is, 605 independent of factors such as predation) of queens is smaller than that of workers.
606
However, species of ants exist which also have such a social system and which can These species therefore offer a great opportunity for more accurately investigating 614 the mechanisms that underlie caste-related differences in lifespan. Finally, a challenge of research in social insects is that the molecular tools 
